This paper provides the first experimental validation of the predictions by two recently introduced models for free molecule squeezed film damping. Measurements were carried out using a parallel-plate microstructure with a 2.29 µm gap operated at air pressures from 10 5 down to 10 1 Pa (corresponding to Knudsen numbers from 0.03 to 300). Experiments are in good agreement with the modeling based on molecular dynamics at low pressures. The results also indicate that modeling based on the modified Reynolds equation including inertia effects underestimates the damping due to end effects, but correctly predicts the trend at lower Knudsen numbers reaching into the transitional regime.
INTRODUCTION
Accurate modeling of squeezed film damping of rarefied gas in MEMS structures is of crucial importance for a reliable prediction of the dynamic performance [1] . For structures with sufficiently large dimensions or those operated at or slightly below ambient pressure, continuum mechanics based models can be used [2] . However, for sub-micron sized gaps or when operating pressures are close to vacuum, the interaction of the individual gas molecules with the structure becomes dominant over the viscous forces and modeling of the free molecule regime is needed.
Two recent and prominent models in literature are examined and compared with experimental results obtained from a parallel-plate microstructure operated over a range of ambient pressures.
First the two models for squeeze-film damping of rarefied gas are introduced. Next we will introduce the device used for the experimental verification. Then the measurement methodology is derived from the second order system behavior. Subsequently, the experimental setup is described, followed by the results and conclusions. 
SQUEEZED FILM GAS DAMPING

Continuum vs. Free Molecule Regime
The fundamental variable is the mean free path λ of a gas molecule, which is given as [3] :
where R is the gas constant, η is the viscosity, p the pressure and m the molecular mass. For gas flowing in a rectangular channel composed of two plates of finite aspect ratio L/H (Figure 1 ), the Knudsen number K n expresses the ratio between the mean free path length λ of the gas molecules and the channel width w as K n = λ/w [4] . For a constant gap size w the Knudsen number is therefore inversely proportional to the pressure. As long as the gas pressure at which the device operates is high enough, or device feature sizes are large enough, the gas surrounding the structure behaves as viscous fluid and continuum mechanics apply. The Reynolds equation derived from the Navier-Stokes equation can be used to model the gas flow [5] . However for Knudsen numbers over 10 the interaction of the individual gas molecules and the device becomes dominant over the internal viscous forces. This is called the free molecule regime. Several models for this regime have been proposed and consequently modified and Another interesting model by Hutcherson [13] is based on a simulation of the molecular dynamics and is also further investigated in this work.
Reynolds Equation With Inertia
Veijola has derived a modified Reynolds equation including gas inertia and rarefaction effects [12] : 3 3 ( ) 12 12
where ρ is the density, h is the momentary position of the oscillating plate at nominal spacing w and Q pr is the relative flow rate coefficient:
The resulting solution for rectangular parallel plates is expressed as: 
where m and n are odd integers and M and N should be chosen sufficiently large.
Molecular Dynamics Code
Hutcherson [13] has developed a molecular dynamics (MD) simulation code that tracks the interaction of each individual molecule in the gap. It is based on the energy transfer model of Bao [10] , however with some constraints relaxed. The MD method is computationally intensive, however the results in [13] indicate that modeling by Bao underestimates the damping force by a factor 2.23. According to Bao the damping coefficient is:
PARALLEL-PLATE MEMS DEVICE 1-DOF MEMS Device
An electro-statically actuated 1-DOF micro electromechanical structure with separate drive and sense electrodes has been designed and fabricated in an SOI process [14] featuring a 25µm device layer thickness ( Figure 2 ). The device consists of a central mass suspended on four folded springs. Four distinct sets of electrodes are attached to the central moving bar, which are interleaved with electrodes that are fixed to the substrate. The two sets of narrow beams form a differential capacitor that is used to read-out the device displacement, while each of the wider beam sets is used to excite the mass through electrostatic actuation in either direction. Table 1 lists the key properties of the device. 
Capacitive Read-Out Circuit
The displacement readout is implemented with a twochannel differential charge amplifier circuit and a coherent detection mixer realized in a single custom 0.35 µm CMOS chip (Figure 4) .
The overall displacement uncertainty of the combined setup at a 2.8 kHz bandwidth is 1.6 nm. 
MEASUREMENT METHOD Second Order System Behavior
The dynamic behavior of the inertial MEM device is described by the second order system equation:
where z denotes the displacement, m the device mass, b the damping coefficient and k the spring constant. Inserting parameters:
enables Eqn. (6) to be rewritten as:
Here ω n is the undamped natural frequency, while ζ is damping ratio and determines if the system is over-damped (ζ>1), critically damped (ζ=1) or under-damped (ζ<1).
In case the system is under-damped the solution to the differential equation (8) is:
From this expression it is clear that a harmonic solution is enveloped by an exponential decay term that depends on the damping ratio ζ and the natural frequency ω n . Figure 4 shows a typical under-damped system impulse response, the first 6 peaks p 1..6 are also indicated. The amplitude ratio of p n and p n+2 is constant and equal to p n+2 /p n =e -ζ2π . Hence the value of ζ can be obtained from the rate of decay of a measured response signal. In a practical experiment the end value of the signal of finite duration is not necessarily zero, which makes it impossible to get absolute amplitudes of the peaks p 1..n. This is avoided by using the difference values between the peaks, i.e.: p 1 -p 2 , p 3 -p 2 , p 3 -p 4, etc…
Extracting The Damping Ratio
The resulting sequence of peak differences is used for fitting an exponential decay function whose exponent is rate of decay contains the damping ratio ζ.
EXPERIMENTAL SETUP
A pcb with the MEMS and the readout circuit is operated in a vacuum chamber. The pressure of the gas (i.e. air) is varied from atmospheric pressure down to 0.1 mbar. This corresponds to Knudsen numbers ranging from 0.03 to 300.
The device is electro-statically displaced from its initial position and consequently released. As the device returns to its middle position the relaxation response is sampled with a data acquisition card and further processed in Matlab. Figure 5 presents the measurement results together with the predicted damping according to the models. Bao's and the estimation of Hutcherson's model are only valid for the free molecular regime and indeed deviate from the trend in the measurement results present at higher pressures. Veijola's model underestimates the damping forces by more than 50%. This is most likely caused by the assumption of zero pressure difference at the channel borders. This assumption is only valid when the gap size is small compared to the plate dimensions, which is not the case in our device. The estimated Hutcherson's model fits the measured data with less than 5% error in free molecular regime. 
RESULTS
CONCLUSIONS
Experimental squeeze-film gas damping data was obtained from step response measurements on a parallelplate electrostatic microstructure within a range of pressures that cover both the transitional regime and the free molecule regime. The measurements demonstrate that the modeling based on molecular dynamics appropriately describes damping for Knudsen numbers higher than 10. Comparison with a model based on the Reynolds equation that includes gas inertia effects shows a significant underestimation, but also provides experimental validation of the trend at lower Knudsen numbers (i.e. higher pressures). This suggests further investigation is needed to account for the end effects present in practical channels with dimensions comparable to the gap size. Measurement results with other gasses than air are expected to further enhance the understanding of the differences between the measurements and the models.
